1976. -Cold acclimation caused the following changes in the brown adipose tissue (BAT) of the hamster: the relative weight of the tissue increased, its color darkened, the multilocular structure predominated, and tissue protein content increased while fat content decreased. There was also an increase in the mitochondrial protein content. Heat acclimation had the opposite effects, i.e., the color became lighter, total and mitochondrial protein decreased, fat content increased, and tissue structure was mostly unilocular.
Accordingly, cold acclimation was accompanied by increased tissue respiratioii in the presence of cyglycerophosphate (a-GP) and succinate, whereas heat acclimation reduced the respiratory activity of the tissue w?Lh these substrates.
Isolated BAT mitochondria from cold-acclimated animals increased activities of cw-GP and NADH oxidase, whereas the activities of succinic and cytochrome oxidases and the amount of mitochondrial cytochromes were unchanged. The effects of heat acclimation were more pronounced: there was a decrease in the activities of (w-GP, succinic, NADH, and cytochrome oxidases, as well as in the cytochrome a and a3 content. When respiration of tissue slices on succinate was compared to the maximal potential respiration,
as measured with mitochondria disrupted by freezing and thawing, it was found that the relative activity (slices vs. disrupted mitochondria) was highest in cold-acclimated animals and decreased progressively with increasing acclimation temperatures. It is suggested that the differences in the apparent activity of the mitochondria were due to changes in the conformation of the mitochondria as a result of acclimation.
heat and cold acclimation; BAT metabolism; freezing and thawing of mitochondria; tissue slices and mitochondrial respiration THE THERMOGENIC ROLE of the brown adipose tissue (BAT) is well documented (4, 19, 38) . It has been established that in hibernating, newborn, and cold-acclimated animals this tissue has a major task in heat production. On the other hand, little is known about the regulatory mechanisms by which the energy metabolism of the tissue is adjusted when animals are exposed to high ambient temperatures and increased heat production could be deleterious.
Previous reports have shown that in heat-acclimated hamsters (8) and monkeys (9) the mass of the BAT decreases and its dark color fades. The present study investigates the cellular metabolic adaptations by which the tissue responds when hamsters are acclimated to extreme ambient temperatures.
In addition to the changes found in the mass of the tissue, its lipid and protein content, a mechanism by which the mitochondrial oxidative metabolism can be regulated is suggested. This mechanism operates independently of changes in enzyme concentrations in the mitochondria and probably functions through conformational changes in the mitochondrial membrane. The metabolic adaptations described increased the capacity for heat production in cold-acclimated animals and caused a decrease in the potential for heat production in heat-acclimated animals, improving their tolerance of extreme environmental conditions.
METHODS
Adult (130 t 20 g) male hamsters (Mesocricetus auratus) were randomly divided into three groups. The first group was maintained at 20 t 2°C (group C), the second was maintained at 5 t 1°C (group K), and the third at 35 t 1°C (group H). Laboratory rat chow and water were given ad libitum.
The three groups were maintained in these conditions for at least 21 days, then killed by decapitation and bled thoroughly.
Brown aclipose tissue was quickly removed from the scapular and cervical regions, weighed rapidly, and chilled. Determination of tissue composition and histological examinations were carried out as previously described (6) .
Tissue slices of 2-5 mg each were prepared with a razor blade and kept in a chilled Krebs-Ringer phosphate buffer (KRP) (12) containing half the recommended amount of CaCl, (final concn, 0.77 mM) until further use.
BAT mitochondria were isolated as follows: the tissue was chilled in a 0.25 M sucrose solution and passed through a precooled press apparatus with a fine sieve (Harvard Apparatus Co., cat. no. 142). By this procedure, most of the connective tissue, was removed. The minced tissue was homogenized in a 0.25 M sucrose solution with a Teflon-glass homogenizer. The homogenate was centrifuged in the cold for 10 min at 800 g. The supernatant aqueous phase, under a floating layer of lipids and tissue debris, was carefully aspirated. A second rehomogenization of the floating layer and the precipitate was carried out to increase the yield of the mitochondria.
The two supernatant aqueous phases were combined and centrifuged for 10 min at 21,000 g (43) . The mitochondrial pellet was resuspended in 0.25 M sucrose and recentrifuged. The washed pellet was resuspended in cold 0.25 M sucrose to yield a suspension containing mg protein/ml. Preliminary experiments, in which the tissues were homogenized and resuspended in media containing defatted bovine serum albumin (14, 20, 33) , showed no respiratory control by ADP or Pi with our techniques. Even when the mitochondrial preparations of the first and second homogenizations were studied separately with defatted bovine serum albumin, no respiratory control by ADP was recorded in either fraction, and the two preparations seemed to have the same specific activity of O2 consumption.
Further attempts to obtain preparations responding to ADP, in which high-energy nucleotides such as ATP, GTP, or GDP (17, 30) or ATP and carnitine (16) were added to the reaction media proved unsuccessful. Other groups have also failed to obtain coupled BAT mitochondria from adult hamsters (31, 48) (35) . Liver mitochondria were prepared as described (7). Disruption of the mitochondria was carried out in two ways: a) freezing and thawing-the mitochondria were suspended in a test tube containing distilled water and frozen through immersion of the tube in a bath at -2OOC for 5 min after l-min rotation. The frozen suspension was then thawed by rotation of the tube in a bath at 20°C for l-2 min. b) Ultrasonic irradiationthe mitochondrial suspension was treated with an MSE ultrasonic disintegrator (model 7100, 100 W) with an amplitude setting of 8-1'0 pm. To prevent overheating, the probe was precooled and irradiation was limited to periods of 1 min with l-min intervals, whereas the suspension was kept in an ice bath. 0, consumption measurements of BAT slices were carried out in a Warburg apparatus at 37°C (45) . The reaction medium contained KRP with half the recommended concentration of CaC12 (12) . Either of the following substrates: sodium succinate, sodium cw-glycerophosphate (cw-GP), sodium cw-ketoglutarate (a-KG), sodium @OH butyrate, or sodium isocitrate was kept in a side arm to give a final concentration of 70 mM unless otherwise specified. Each vessel contained 80-120 mg of tissue. Prior to the incubation, each vessel was gassed for 5 min with pure 0,. Then the vessels were corked and the manometric readings started after a 5-to 8-min period of equilibrium.
Readings were taken at lo-min intervals.
0, consumption of the mitochondrial preparation was measured polarographically (11) at room temperature (20 t 1°C). In a final volume of 2.5 ml, the reaction medium contained 250 mM sucrose, 25 mM KCl, 5 mM MgClz, 17 mM Tris-HCl (pH 7.4), and 20 mM of sodium salt of one of the following substrates: succinate, cu-GP, cu-KG, pyruvate, malate, isocitrate, P-OH butyrate, and 2 mM of NADH. Cytochrome oxidase was assayed by the addition of 2.5 mM ascorbate in the presence of an optimal level approximately 1.6 mM, of N, N, N', N'-tetramethyl-l-p-phenylenediamine (TMPD). When cytochrome c was added, its concentration was 30 PM. 0, consumption by liver mitochondria was measured in the T. RnABI AND Y. CASSUTO presence of 5 mM Pi and excess of ADP. Cytochromes and flavoprotein content of the mitochondria were recorded spectrophotometrically as described (7) . Mitochondrial protein was estimated calorimetrically by the Biuret reaction (24) . In order to clarify the protein assay mixtures of the mitochondrial preparations, lipids were extracted with diethyl ether.
The Student t test was used in statistical analysis. Table 1 summarizes the effect of cold and heat acclimation on the relative weight and composition of the BAT. Pronounced changes are seen in the cold-acclimated (K) animals in which interscapular and total tissue weights increase 45% (P c 0.001) and 52% (P < O.OOl), respectively, above the control level. Heat acclimation has only a slight effect on the weight of the tissue. Whereas cold acclimation greatly stimulates both size and composition of the tissue, heat acclimation mainly affects the latter. Marked changes were caused by cold and heat acclimation in DFFT (+26 and -34%, respectively) as well as in mitochondrial protein (+31 and 750%). These changes could be expected to affect the metabolic activities of the tissues in the acclimated animals.
RESULTS
The metabolic activities of the tissue slices, as reflected by the rates of oxidation, were tested with the following substrates: fl-hydroxybutyrate, ar-ketoglutarate, isocitrate, cu-glycerophosphate, and succinate. The following results were obtained: 22, 42, 75, 301, 696 @tom/g wet wt per h, respectively.
Since cu-GP and succinate are metabolized at a significantly higher level than the three other substrates used, a!1 further studies were done with these two substrates. Figure 1 shows the time dependence of the oxidation rate of these substrates in their initial concentrations. At substrate levels below 70 mM, the decline in activity was significantly faster than at higher concentrations. In fact, it was found that a concentration of 70 mM was the optimal level for measuring respiratory activities. It was decided, therefore, to use this substrate concentration and to extend the experimental periods to 30 min. Table 2 summarizes the effects of cold and heat acclimation on the rates of oxidation of succinate and cu-GP by slices of BAT. Heat acclimation decreased metabolic activity of the tissue, and this decrease was evident even when the results were expressed per DFFT. Cold acclimation increased activity, but the difference be- Values are means + SE. Symbols as in Table 1 . WW, wet weight; DFFT, dry fat-free tissue. Number of animals in each group is given in parentheses.
* P c 0.001. In remaining data, differences are not significant. tween the cold-acclimated and the control group disappeared when the results were expressed per DFFT. Table 3 summarizes the rates of succinate and cr-GP oxidation by isolated BAT mitochondria.
Cold acclimation increased the specific activity of both succinate and cw-GP oxidation. Heat acclimation decreased the rate of ac-GP oxidation but had no effect on succinate oxidation. Table 4 depicts the content of the electron transport carriers (ETC) in the mitochondria isolated from the three groups. A significant decrease in the cytochromes at the cytochrome oxidase site (cyt a + cyt as) was observed following heat acclimation.
A comparable decrease was recorded in cytochrome oxidase activity as measured by the rate of ascorbate oxidation (Table 3) . Cold acclimation affected neither cyt a + cyt a3 concentrations nor cytochrome oxidase activity in the presence of exogenous cyt c. The concentration of c + cl was lower in mitochondria isolated from cold-acclimated animals and higher in mitochondria isolated from heatacclimated animals than in controls. These changes correlate well with the snecific stimulator-v effects on Values are means + SE. Symbols as in Table 1 . Numbers of experiments are given in parentheses.
* P < 0:02. f P < 0.001. In remaining data, differences are not sign% cant.
the ascorbate oxidation rates induced by the addition of exogenous cyt c in each of the three groups. Addition of cyt c did not stimulate the rate of oxidation of succinate and wGP by isolated mitochondria.
A comparison of Tables 2 and 3 shows a discrepancy as to the preferred substrate for oxidation by the BAT. Succinate is oxidized by the intact cell at a higher rate than wGP, whereas its oxidation rate is lower than that of cw-GP in the isolated mitochondria.
One possible explanation could be that in the isolated mitochondria the rate of oxidation of succinate is limited by its permeability (22) . One way to overcome this limiting factor is to disrupt the mitochondria (46) . Figure 2 demonstrates the effect of disruption of the mitochondria on the oxidation rate of a-GP, succinate, and NADH. There was a large increase in the rates of succinate and NADH oxidation, whereas the rate of cy-GP oxidation was not affected. The data show that optimal rates are obtained after three cycles of freezing and thawing. Experiments were also conducted with mitochondria disrupted by ultrasonic irradiation. Similar results were recorded, but since the absolute rates of oxidation were lower than aRer disruption by freezing and thawing, it was decided to use 3 cycles whenever disruption of the mitochondria was desired. Disruption of the mitochondria caused the oxidation rate of succinate and NADH to be dependent on exogenous cyt c (Fig. 3) . A substitute for the addition of cyt c could be an increased concentration of the mitochondrial protein in the reaction medium. wGP oxidation by disrupted mitochondria was not dependent on exogenous cyt c. It should be noted that since BAT mitochondria disnlav a high level of ascorbate oxidation activity. low concentrations of mitochondrial protein were used. In these conditions, maximal rates of oxidation could be obtained only after addition of cyt c. Tables 5 and 6 summarize two experiments which demonstrate the changes in the relative oxidation rates of mitochondria isolated from heat-and cold-acclimated animals, after disruption.
Intact mitochondria isolated from heat-acclimated animals had lower rates of cu-GP and ascorbate oxidation than controls, whereas succinate was oxidized at the same rate as controls. Disruption of the mitochondria had almost no effect on oxidation rates of mitochondria isolated from heat-acclimated animals and from controls with cu-GP and ascorbate as substrates, and thus no changes occurred in the ratio between these rates. However, disruption caused marked changes in succinate oxidation; higher rates were recorded, revealing a significant difference (-27%) between the two groups. Intact BAT mitochondria isolated from cold-acclimated animals had higher rates of succinate, isocitrate, and cu-GP oxidation than controls.
Disruption of the mitochondria did not affect the respiratory rates of the two groups when cw-GP served as a substrate. When succinate and isocitrate were used as substrates, disruption stimulated the respiratory rate of mitochondria isolated from controls more than the cor-T. R.ABI AND Y. CASSUTO responding rate in cold-acclimated animals; therefore the difference between the two groups disappeared.
Judging by the insensitivity of NADH oxidation in intact mitochondria to the addition of antimycin A, it occurs mainly outside the ETC (39) . Disrupted preparations revealed relatively high rates of NADH oxidation, highest in mitochondria isolated from cold-acclimated animals and lowest in mitochondria isolated from heatacclimated animals.
Similar experiments were conducted with disrupted liver mitochondria. Table 7 summarizes these experiments and compares the effect of disruption on the oxidation rates of several metabolites in isolated liver and BAT mitochondria.
The results show that while disruption of the BAT mitochondria increased the rates of isocitrate, a-KG, P-OH butyrate, succinate, and py- Symbols as in Table 6 . Values for treated mitochondria represent activity with cyt c. Data are means of 2-4 experiments.
* NAD, 1 mM; NA, 10 mM. t TPP, 1 mM; COA, 0.3 mM; GSH, 3 mM.
ruvate + malate oxidation two-to threefold, liver mitochondria hardly responded to the treatment.
The marked increase in substrate oxidation in the treated mitochondria could result from increased permeability of the mitochondria to these substrates (46) or from activation of a rate-limiting respiratory component. Modified dependence of the respiratory rate on substrate concentration may be expected if intact (untreated) and disrupted (treated) mitochondria differ greatly in permeability to the substrate. Figure 4 presents Lineweaver-Burk plots for succinate oxidation in intact and disrupted BAT mitochondria. Comparable data for liver mitochondria are given in Fig. 5 . The decrease in apparent K, value due to freezing and thawing of the mitochondria is much more pronounced in liver than in BAT mitochondria. Conversely, the increase in V,,, following disruption is severalfold greater in BAT than in liver mitochondria.
DISCUSSION
Changes in metabolic heat production have a decisive role in the adaptation of a homeotherm to extreme environmental temperatures. BAT, which has a major role in heat production, demonstrates a high degree of responsiveness to ambient temperatures, reflected in morphology, composition, and activity.
The relative size of the tissue was increased markedly (45%) by cold acclimation as previously reported (Z&37) but scarcely affected by heat acclimation, where only 10% difference was revealed by comparison of the interscapular regions. The latter finding somewhat contradicts other published results (8, 9) . The discrepancy can probably be reconciled by the fact that the BAT isolated from heat-acclimated animals looses its distinctive brown color so that precise estimation is hampered. Table 1 shows that under acclimation conditions, changes occur in the relative concentrations of DFFT, mitochondrial proteins, and lipid content. The percentage of mitochondrial protein in the DFFT of cold-acclimated animals is similar to that found in controls, as reported by Skala (36) . This ratio decreased in heat- acclimated animals, indicating a specific effect on the oxidative capacity of the tissue. However, a possible error in isolating the total amount of mitochondria, due to the increased lipid content of the tissue, cannot be ruled out (35) .
The results shown in Table 2 indicate that cellular metabolic adaptations occur as a resultof temperature acclimation. Cold acclimation increases the respiratory activity of tissue slices with succinate and (r-GP, in agreement with published data (2, 10, 44) . It should be noted that, as reported elsewhere (34, 44) , when the activity is expressed on the basis of DFFT, the increase is not reflected. This suggests that the respiratory enzymes and the total protein content increased by the same ratio after cold acclimation. The rate of oxidation was depressed by heat acclimation, and this decrease was evident even when expressed per DFFT. Thus, although no changes were recorded in the relative mass of the tissue, alterations in metabolism were achieved as a result of the decrease in the content of the oxidative enzymes in the tissue.
Since the oxidative enzymes are located in the mitochondria (21), it seems most desirable to study the effect of temperature acclimation at the level of the isolated mitochondrion. Tables 3 and 4 summarize the effects of temperature acclimation on the cytochrome content and specific activities of isolated BAT mitochondria. Cold acclimation increased the specific activities of succinate and cu-GP oxidation, indicating that in addition to the increase in the mass of the BAT, stimulation of its oxidative enzymes could operate to enhance its metabolic capacity. The relative oxidation rates of succinate and cy-GP in isolated mitochondria from heat-acclimated animals show some discrepancy with the rates obtained with tissue slices. In the latter, the oxidation of both substrates was decreased, whereas in isolated mitochondria only cr=GP oxidation is significantly lower. Cytochrome oxidase activity also decreased after heat acclimation, a fact that correlates well with the reductions in concentrations of cyt a and cyt a3 in the mitochondria.
No comparable changes' were recorded in mitochondria isolated from cold-acclimated animals. The concentrations of flavoproteins and cyt b were not affected by heat or cold acclimation.
These data are not in accord with those of Skala et al. (36) who found an increase in the concentration of ETC and the activity of cytochrome oxidase in mitochondria isolated from BAT of cold-acclimated rats. On the other hand Stratmann and Hohorst (41) found no changes in the cytochrome oxidase in BAT mitochondria isolated from cold-acclimated guinea pigs. Rafael et al. (33) even reported a decreased concentration of cytochromes b, a, and a3 in cold-acclimated guinea pigs. The concentrations of cyt c in the isolated mitochondria are not congruous with the rest of the data. In contrast to the general tendency of changes in the respiratory enzymes in acclimated animals, cyt c concentration in mitochondria isolated from heat-acclimated animals was higher than in mitochondria.
isolated from cold-acclimated animals. The discrepancy can probably be reconciled by assuming different rates of cyt c leakage from the mitochondria isolated from heat-and coldacclimated animals. Such. leakage from the mitochondria during the isolation procedure (26) due to the high solubility of cyt c and its loose connection to the mitochondrial membrane (47) has, in fact, been described. Disruption of the mitochondria removes the barriers between the substrate and the enzymes located in the mitochondrial membrane. Tables 5 and 6 show some drastic changes after disruption in the profile of the enzymatic activities of mitochondria isolated from heator cold-acclimated animals. Not only did the rate of succinate oxidation increase severalfold, but also the ratio between the specific activity of this enzyme in mitochondria isolated from control and heat-acclimated animals changed: a significant decrease of 27% was recorded when the rates of disrupted mitochondria isolated from heat-acclimated animals were compared with those of controls.
On the other hand, repeating the experiment with mitochondria isolated from cold-acclimated animals had produced the opposite results. The specific rate of succinate oxidation of intact mitochondria isolated from BAT of cold-acclimated animals was 43% higher than the comparable value from controls. Disrupting the mitochondria abolished the difference. In contrast to the stimulatory effect of disruption on the rate of succinate oxidation, the rates of a-GP and ascorbate oxidation were not elevated in the three groups studied nor did the ratios between these activities change. NADH oxidation, through the ETC, was insignificant in intact mitochondria (39) . As anticipated (25, 46) 4) indicate that permeability to succinate cannot solely explain the increased activity of succinate oxidation of BAT mitochondria.
Since the apparent K, value was only slightly changed by the treatment, whereas major changes in Vmax were measured, it can be suggested that the mechanical treatment increases the rate of succinate oxidation possibly by the exposure of previously masked sites of the enzyme. Table 7 demonstrates the generality of this phenomenon. The respiratory rates of four other substrates tested respond in the same way as succinate to the disruption of the mitochondria isolated from the BAT. It appears that the substrates used can fall into either of two groups. The first, in which, as in the case of succinate, the oxidation rate is elevated by disruption of the mitochondria, and the second, in which as with a-GP and ascorbate, respiratory rates are not stimulated by disruption.
This conclusion is harmonious with the current hypothesis about the topography of these enzymes in the mitochondrial inner membrane. Thus, Klingenberg (23) demonstrated that both the substrate and the acceptor site of a-GP are exposed to the outer side of the inner membrane. Likewise, according to the asymmetrical configuration of the inner membrane proposed by Backer and Horstman (32), the succinic dehydrogenase is located on its inner side and the cytochrome oxidase is across the membrane.
Srere (40) and Ernster and Kuylenstierna (13) suggested that the enzymes of the TCA cycle, even those so-called "soluble,"
are grouped in an ordered array bound to the inner side of the inner membrane.
On the basis of this structure, the different effect of disruption of the mitochondria on the respiratory rates of the two groups of substrates can be explained as follows: the enzymes located on the outer side of the inner membrane are readily exposed to the substrate even in t&e intact mitochondria, and their availability is not af%cted by disruption of the mitochondria. The enzymes located on or bound to the inner side are apnar-159 ently masked in the intact mitochondria. Disruption makes these sites available to the substrate, thereby stimulating their rate of oxidation. The stimulator-y effect of disruption of the mitochondria is probably unique to the BAT. Table 7 compares the effect of disruption on the respiratory rates of isolated BAT and liver mitochondria.
Small changes, if any, were recorded in respiratory rates of liver mitechondria with all substrates used. The kinetic data (Figs. 4 and 5 ) also demonstrate a major difference between isolated liver and BAT mitochondria. Disrup tion of the liver mitochondria reduced the apparent K, with only minor changes in the V,,,. This suggests that the degree of permeability to the substrate might have some role in the rate of oxidation.
The different response of the isolated mitochondria from the two tissues to the effect of disruption may be related to the degree of availability of the substrate to the active enzyme sites on the mitochondrial inner membrane. Electron micrograph data show that in mitochondria isolated in 0.25 M sucrose the matrix is condensed and smaller in volume "condensed configuration" (3, 5, 15) . Nicholls et al. (27) claim that the degree of condensation is unusually extensive in isolated BAT mitochondria.
By changing the degree of matrix condensation, they increased the rate of oxidation of palmityl carnitine, isocitrate, pyruvate, and a-KG, but as in our data, no change occurred in the rate of a-GP oxidation. Electron micrographs of BAT show that in contrast to the condensed configuration of the isolated mitochondria, the mitochondria in the intact cell have an expanded matrix (1) corresponding to the "orthodox" configuration (15) . In this configuration, the potential of the respiratory activities of the cell can be better expressed. This fact may explain the difference between the rates of succinate oxidation in tissue slices and intact mitochondria. Table 8 compares the oxidative activities of tissue slices and isolated treated and untreated mitochondria of the three groups. Since the rate of cr-GP oxidation by the isolated BAT mitochondria was not a&&d by their disruption, it can be assumed that the difference between ar=GP rate of oxidation by tissue slices and isolated mitochondria is due to the experimental procedure used, i.e., incomplete recovery of the mitochondria, different medium temperatures during the assay, etc. Thus, the ratio: rate of at-GP oxidation in tissue slices to cr-GP oxidation rate in mitochondria (ratio CR-GP S/M) can be regarded as a factor accounting for any differences caused by the experimental procedure. The values for this ratio given in Table 8 show that it varies in the three groups studied. A direct correlation is evident between the lipid content of the tissue (Table 1 ) and the value of ratio (w-GP S/M. This fact may indicate a relation between the lipid content of the tissue and the degree of recovery of the mitochondria (35) .
